The expression of rhIL-2 (recombinant human interleukin-2) in bacteria results in the formation of insoluble inclusion-body aggregates. These aggregates were first solubilized under denaturing conditions (sodium phosphate buffer solution containing 8 M urea and 10 mM 2-mercaptoethanol) and then purified using IMAC (immobilized metal-ion-affinity chromatography). IMAC was used to capture rhIL-2. The protein was gradually refolded on the column by a gradient elution (8 M to 0 M urea) in the presence of 10 % (v/v) glycerol. Glycerol was used to prevent protein aggregation during the refolding step. Using this method, rhIL-2 was collected at 97 % purity and its activity was measured by the lymphocyte transformation test. The measured activity was identical with commercial human interleukin-2.
Introduction
IL-2 (interleukin-2), an important cytokine, is synthesized and produced by lymphocytes. This 133-amino-acid protein has three cysteine residues at positions 58, 105 and 125 [1, 2] . Its direct effects on immunological cells are apparent. It promotes the proliferation of activated T-cells, stimulates their growth and enables the differentiation and activation of T-, B-and natural killer cells. In recent years, rhIL-2 (recombinant human IL-2) has gained significant attention as a therapeutic agent for certain cancers. Its safe use for immunotherapy has been recognized. Clinical trials have shown that IL-2-based therapy is promising for chronic infectious diseases, including HIV infection and hepatitis C [3] [4] [5] [6] .
IMAC (immobilized metal-ion-affinity chromatography) has been described as an efficient purification method for proteins from recombinant micro-organisms [7, 8] . IMAC has the potential to become one of the most widely used chromatographic techniques because of its low cost, simplicity, and ability to work under both native and denaturing conditions. This ability allows for subsequent on-column renaturation. The high affinity and specificity of this method results in highly efficient purification [9] .
In spite of its advantages, IMAC has not gained popularity due to concerns regarding leaching of metal ions and reproducibility. These concerns need to be evaluated prior to large-scale use of the process [9, 10] . It should be noted that nickel concentrations observed in tetradentate IMAC-protein preparations are below the typical daily intake of nickel [10] . Qiagen has presented results that demonstrate that Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose and Ni-NTA Superflow, under native and denaturing conditions, reproducibly produce proteins that have high stability and low levels of metal and ligand leaching. This result shows that Ni-NTA-agarose allows chromatographic purification of His 6 -tagged proteins with high reproducibility, including both a low lot-to-lot variability and high runto-run reproducibility. Ni-NTA matrices provide protein elution fractions that are not contaminated with metal ions. These eluents are not affected by long-term storage in a harsh denaturant such as 0.1 M NaOH (the recommended concentration) or after repeated use of a packed chromatography column [11] . However, it should be mentioned that, in the case of pharmaceutical-grade proteins, His-tags should be removed after the IMAC step. Chemical cleavage is usually avoided; instead, proteolytic enzymes are used [10] .
Various tags have been developed to simplify the purification process. Polypeptides, small proteins and enzymes added to the N-or C-terminus of the recombinant protein have been used as fusion tags. The biochemical features of each tag influence the stability, solubility and expressivity of the attached proteins [12, 13] .
The most commonly used tag for purification and detection of recombinantly expressed proteins is the polyhistidine tag His 6 . Protein purification using His 6 relies on the affinity of the histidine residues for immobilized metals, such as nickel. This interaction relies on the co-ordination of the nitrogen atom on the imidazole moiety of the polyhistidine with a co-ordination site on the metal. The metal is immobilized by forming a complex with a chelating agent that is covalently attached to the support [12, 14] . Poly-histidine tags form high-affinity complexes with the immobilized divalent metal ions (Ni 2+ , Co 2+ , Zn 2+ , Cu 2+ etc.), even in the presence of high concentrations of chaotropic agents (e.g. urea or guanidine hydrochloride). This ability enables the isolation of tagged proteins from crude cellular extracts [15] .
A high level of protein expression in Escherichia coli usually leads to the formation of inactive inclusion bodies. Although expression in the form of inclusion bodies has some advantages, the inactive proteins need to be converted into soluble and correctly folded proteins [16] [17] [18] [19] . To obtain the active proteins from inclusion bodies, several steps are needed [20] : (i) inclusion-body isolation by centrifugation after cell lysis; (ii) inclusion-body washing; (iii) inclusionbody solubilization by denaturants, such as urea or guanidine hydrochloride; and (iv) refolding of the solubilized proteins. Once the inclusion bodies have been solubilized, the excess denaturant needs to be removed for appropriate folding. Owing to aggregation, the bioactive recovery of refolded proteins by conventional methods is low (5-20 %) [21] [22] [23] [24] [25] . In recent years, several methods have been used to increase bioactive recovery. An efficient strategy to reduce aggregation is to prevent intramolecular interaction by adsorbing the protein molecules to a solid support. Thus the proteins are kept apart during refolding. IMAC is a powerful tool for this purpose [16, 17] .
In the present study, we propose an IMAC-based onestep purification method for IL-2 to recover the native and active protein from the highly insoluble inclusion bodies. We also investigated the activity of the purified protein.
Materials and methods
All experiments were performed at room temperature (20 • C) unless otherwise noted.
Materials
Acrylamide, N,N-dimethylacrylamide, acetic acid, urea, glycerol and Coomassie Brilliant Blue G-250 were purchased from Merck, and Ni-NTA-agarose metal-ion-affinitychromatography matrices were obtained from Qiagen. The other reagents were from Sigma-Aldrich.
rhIL-2 expression rhIL-2 was expressed in E. coli as a His 6 -tagged recombinant protein by researchers at Tarbiat Modares University. The expression of this protein in the bacterium resulted in the formation of inactive intracellularly accumulated protein.
E. coli BL21 cells were cultured in LB (Luria-Bertani) broth (1 % tryptone, 0.5 % yeast extract and 1 % NaCl, pH 7.5) containing 100 μg/ml ampicillin at 37
• C. An overnight culture (50 ml) of the resulting strain was used to inoculate 1 litre of LB broth supplemented with ampicillin, which was incubated at 37
• C [26] . Isopropyl β-D-thiogalactoside was added (1 mM) when the culture medium reached a D 600 of 0.7. The cells were then incubated for an additional 4 h.
Cell disruption and inclusion-body solubilization
Once induced, the cells were harvested by centrifugation and resuspended in a buffer containing 5 mM imidazole, 0.5 M NaCl and 20 mM sodium phosphate buffer pH 7.9. The cells were then sonicated [continuous pulses (amplitude 100 %) of 30 s with 1 min resting on ice between each pulse, for 15 min] and the lysate was centrifuged for 20 min at 10 000 g. The resulting pellet, containing inclusion bodies, was resuspended in binding buffer, 50 mM sodium phosphate buffer (containing 2 M urea). This suspension was centrifuged again as above and the final pellet was treated with buffer containing 8 M urea and placed under agitation for 1 h. After centrifugation (30 min at 10 000 g), the supernatant was applied to the IMAC column.
IMAC and protein refolding
Purification was performed in a batch/gravity chromatography mode. Ni-NTA-agarose slurry (1 ml of 50 %) was added to the clarified cell lysate and mixed gently for 1 h at room temperature. The mixture was then applied to a disposable column and the flow-through was collected for SDS/PAGE analysis. Using a gradient of urea (from 8 to 0 M) in 10 mM Tris/HCl, 0.5 M NaCl, 10 mM 2-mercaptoethanol and 10 % (v/v) glycerol at pH 7.8, the urea exposure was slowly decreased (over a 2 h period). The last wash (free of urea) was supplemented with 20 mM imidazole to eliminate non-specifically bound contaminants. His 6 -tagged rhIL-2 was eluted with 300 mM imidazole in 10 mM Tris/HCl, pH 7.8, 0.5 M NaCl and 10 mM 2-mercaptoethanol, The eluted fractions, containing soluble refolded protein, were analysed by SDS/PAGE.
Separation of monomer and aggregated IL-2
GPC (gel-permeation chromatography) was used to separate the properly folded monomers from the improperly folded aggregates of IL-2 [27] ; the monomers run differently on GPC columns compared with aggregated IL-2 (improperly folded proteins are eluted more rapidly than properly folded proteins). Sephadex G-75 was packed into a glass column (20 cm long, 1 cm diameter). The column was equilibrated with refolding buffer (5 mM Tris/HCl, pH 7.4) prior to protein separation. A 400 μl volume of IL-2 was loaded on to the column. The flow rate was maintained at 0.5 ml/min. A 280 was measured using a UV detector.
SDS/PAGE analysis and protein quantification
SDS/PAGE (15 % gels) using a Tris/SDS/glycine buffer system was used to analyse the purity of the IMAC-obtained fractions. Electrophoresis of the protein samples (10 μg) was performed for 2 h at 130 V as described previously [28] .
The protein concentration was estimated using the Bradford quantitative protein determination assay and BSA as a standard [29] .
rhIL-2 activity
Peripheral blood mononuclear cells were separated by Ficoll gradient centrifugation and then cultured in a medium containing fetal bovine serum for determination of rhIL-2 activity. Phytohaemagglutinin, which non-specifically activates T-and B-lymphocytes, was used to detect any contaminating lymphocyte function. IL-2 was added at various concentrations to determine the optimal proportion between lymphocytes and IL-2 in the cultures. Finally, as a control for spontaneous proliferation, we used an IL-2-free medium. The plates were incubated in a humidified atmosphere for 48 h (at 37
• C, 5 % CO 2 ). The amount of DNA replication was determined by lymphocyte proliferation. DNA replication was measured by the incorporation of a tagged deoxynucleotide in the macromolecular cellular fraction. BrdU (bromodeoxyuridine) was added 18 h prior to the end of the culture period. BrdU was identified using a peroxidase-conjugated anti-BrdU antibody. A chromophore, O-phenylenediamine, was used to detect this complex through a spectrophotometric method at a wavelength of 450 nm [30] .
Results

IMAC and protein refolding
E. coli cells were harvested, sonicated and washed to obtain inclusion bodies. The inclusion bodies were solubilized in buffer containing 8 M urea and 5 mM 2-mercaptoethanol. After centrifugation, the supernatant was incubated with Ni-NTA resin for 60 min under rotation. The SDS/PAGE results are shown in Figure 1 . The purity and yield of the IL-2 isolated from E. coli are summarized in Table 1 . T-cells proliferate after addition of both purified and commercial IL-2. Purified IL-2 activity was similar to commercial IL-2. Figure 2 (A) shows IL-2-free T-cells. The effects of purified and commercial IL-2 on T-cells are shown in Figures 2(B) and 2(C). Quantitative values of protein activity and absorbance of the purified rhIL-2 samples are shown in Table 2 . Separation of monomeric and aggregated IL-2 Refolded IL-2 was applied directly to a GPC column and eluted with 10 mM Tris/HCl, pH 7.5 [1] . The resulting chromatogram is shown in Figure 3 . In this chromatogram, the small peak (peak 1) represents the aggregated protein and the large peak (peak 2) represents the refolded monomeric rhIL-2.
rhIL-2 activity
Discussion
As shown in lane 5 of Figure 1 , most of the recombinant IL-2 was bound to the Ni-NTA column. After preclearing the protein-bound column with a low concentration of imidazole, a linear gradient of urea diluted in refolding buffer containing glycerol, GSH and GSSG was applied. GSH and GSSG (1 mM GSH, 0.1 mM GSSG) were useful additives, as the oxidizing conditions maintained by them promote the correct formation of disulfide bonds and noticeably increase the recombinant protein yield. Finally, IL-2 was eluted using 300 mM imidazole containing glycerol. The three imidazole eluents were different due to naturally occurring proteins with histidine residues in our samples that could only be eluted by high molarities of imidazole. The purity of the first elution was not high because of the presence of these natural proteins.
The results presented in Figure 2 and Table 2 indicate that addition of IL-2 to the T-cell medium induced proliferation of the T-cells. These results show that the refolding process changes the inactive form of the inclusion body to a biologically active form. Figure 3 shows that IMAC-based refolding lowers protein aggregation to an appropriate level to increase both mass and bio-active recovery.
IMAC has become a powerful method for purification of different proteins. The cancer antigen BJ-HCC-2, human retionic acid and the photoprotein aequorin have been purified using IMAC [7, 31, 32] . These studies showed purities of 97 %, 85 % and 80 % respectively. In the present study, the purity of rhIL-2 (∼ 97 %) is higher than those for the proteins reported in these previous papers. The small peak (peak 1) is due to the aggregated protein and the large peak (peak 2) is due to the refolded monomeric rhIL-2.
Reports by Weir et al. [1] and Weir and Sparks [2] described refolding of rhIL-2, in the inclusion-body form, by the dilution method and purification using multi-stage chromatography. They reported a 22 % mass recovery of rhIL-2 [1, 2] . In the present study, we showed a 42 % mass recovery, approx. twice that reported by them. Our method could result in improved efficiency and decreased processing costs.
The processing cost for pharmaceutical proteins accounts for more than 80 % of the total manufacturing costs and increases with the number of steps involved. Both operating cost and overall yield decrease with an increase in the number of steps. The present study shows that simultaneous purification and refolding in one IMAC step can reduce the time and cost associated with processing rhIL-2 produced on a large scale. We were also able to reduce aggregation, one of the biggest problems in the refolding process.
We have developed a quick purification method for rhIL-2 fusion protein expressed in E. coli, with a His 6 tag at its N-terminus. IL-2 inclusion bodies were solubilized by urea treatment. His 6 -IL-2 was then isolated in one step by IMAC, a procedure that lasts only a few hours. We were able to isolate IL-2 of high purity and activity. The obtained purity was approx. 97 % as measured by gel densitometry (results not shown). The activity of the isolated IL-2 analysed by the lymphocyte transformation test was identical with commercial IL-2. Nickel was selected for the present study because of its higher affinity for histidine residues. Following purification, the Ni-NTA-agarose can be regenerated and reused, decreasing the cost of the process.
The present study demonstrates the utility of metal-affinity chromatography as a simple means for the purification of rhIL-2.
